1D topological chains with Majorana fermions in 2D non-topological
  optical lattices by Jiang, Lei et al.
ar
X
iv
:1
50
3.
01
81
0v
1 
 [c
on
d-
ma
t.q
ua
nt-
ga
s] 
 5 
M
ar 
20
15
1D topological chains with Majorana fermions in 2D non-topological optical lattices
Lei Jiang, Chunlei Qu and Chuanwei Zhang∗
Department of Physics, The University of Texas at Dallas, Richardson, Texas 75080, USA
(Dated: March 9, 2015)
The recent experimental realization of 1D equal Rashba-Dresselhaus spin-orbit coupling (ERD-
SOC) for cold atoms provide a disorder-free platform for the implementation and observation of
Majorana fermions (MFs), similar to the well studied solid state nanowire/superconductor het-
erostructures. However, the corresponding 1D chains of cold atoms possess strong quantum fluctua-
tion, which may destroy the superfluids and MFs. In this Letter, we show that such 1D topological
chains with MFs may be on demand generated in a 2D non-topological optical lattice with 1D ERD-
SOC by modifying local potentials on target locations using experimentally already implemented
atomic gas microscopes or patterned (e.g., double or triple well) optical lattices. All ingredients in
our scheme have been experimentally realized and the combination of them may pave the way for
the experimental observation of MFs in a clean system.
PACS numbers: 03.75.Ss, 05.30.Fk, 03.65.Vf, 67.85.-d
Majorana fermions (MFs) [1] obey non-Abelian ex-
change statistics and are crucial for realizing fault-
tolerant topological quantum computation [2–4]. Follow-
ing initial theoretical proposals [5? –14], some possible
signatures of MFs have been observed recently in ex-
periments [15–21] using 1D nanowires or ferromagnetic
atomic chains on top of an s-wave superconductor and
with strong spin-orbit coupling (SOC). However, these
signatures are not conclusive because of disorder and
other complications in solid state [22–27]. In this con-
text, the recent experimental realization of SOC [28–33]
in ultra-cold atomic gases provides a disorder-free and
highly controllable platform for observing MFs. In exper-
iments, 1D equal Rashba-Dresselhaus SOC (ERD-SOC)
and tunable Zeeman field have been achieved, which, to-
gether with s-wave superfluidity, make it possible to ob-
serve MFs [34–41] in 1D atomic tubes or chains, similar
as the nanowire systems.
However, unlike solid state nanowire systems where s-
wave superconducting pairs are induced from proximity
effects, the superfluid pairing in the 1D atomic chain is
self-generated from the s-wave contact interaction, lead-
ing to the strong quantum fluctuation that renders the
long range superfluid order impossible in the thermody-
namic limit. To circumvent this obstacle, quasi-1D sys-
tems with multiple weakly coupled uniform chains [42–
50] have been studied in both solid state and cold atoms,
where transverse tunneling was found to lift the zero en-
ergy degeneracy of multiple MFs.
In this Letter, we consider a truly 2D non-topological
fermionic optical lattice with the experimentally realized
1D ERD-SOC. We raise the question whether single or
multiple topological 1D chains supporting MFs can be
on demand generated at target locations in such non-
topological 2D systems. Generally, a 1D chain in a 2D
lattice can be locally modified to satisfy the topological
condition for MFs using the recently experimentally real-
ized single site addressing (the atomic gas microscopes)
[51–55] or patterned (e.g., double or triple well) opti-
cal lattices [56–58]. However, the atom chain is strongly
coupled with neighboring chains through transverse tun-
neling in the 2D system, therefore a naive expectation
is that the coupling may destroy the local topological
properties and the associated MFs.
Here we show that 1D topological chains with MFs can
indeed be generated on demand from 2D non-topological
fermionic optical lattices with experimentally achieved
1D ERD-SOC. Local addressing lasers in atomic gas mi-
croscopes can modify the effective local chemical poten-
tials along single or multiple 1D chains, leading to a
quantum transition to discrete topological chains that
are characterized by non-zero winding numbers and host
MFs at chain ends. Multiple MFs in spatially separated
multiple topological chains still couple, with the coupling
induced zero energy splitting exponentially decaying with
the distance of neighboring topological chains. Note that
similar results apply also to 3D if 1D chains can be locally
addressed in a 3D optical lattice. In the weak trans-
verse tunneling region (quasi-1D), the MF coupling is
extremely small for two topological chains separated by
one or two non-topological chains, making it possible to
observe multiple MFs in 2D or 3D double or triple well
optical lattices without requiring the single site address-
ing.
Model: We consider a spin-1/2 ultra-cold degenerate
fermionic gas (spin ↑ and ↓) in a 2D square lattice with
the lattice size N = nx × ny. As shown in the schematic
picture Fig. 1, two Raman lasers couple two spin states to
induce 1D ERD-SOC along the x -axis. The far-detuned
local addressing lasers [51–55] can modify the local po-
tential of the optical lattice along a 1D chain at target
locations along the x -direction. Multiple spatially well
separated 1D chains can also be generated using addi-
tional local addressing lasers. In the 2D lattice, the tight-
binding mean-field BdG Hamiltonian
HBdG = HL +HSOC +HD +H∆, (1)
2FIG. 1: Illustration of the proposed experimental setup. Grey
arrows represents 2D square optical lattice lasers. Red tube
demonstrates the 1D potential chain induced by local address-
ing lasers in atomic microscopes (red arrows). Two counter-
propagating Raman lasers (orange arrows) couple two spin
states, generating 1D ERD-SOC [28–33].
where HL = −
∑
i,σ,η tη
(
C†
i,σCi+η,σ + h.c.
)
−∑
i,σ µ¯C
†
i,σCi,σ is the bare Hamiltonian in the 2D
lattice with η = {x, y}. The fermionic operator C†
i,σ
(Ci,σ) creates (annihilates) a particle with spin σ at
site i = (ix, iy). We use µ¯ = µ − 2tx − 2ty for the
effective chemical potential to match with that in the
continuous model. tx and ty are the nearest neighbor
tunnelings along x and transverse y directions respec-
tively. HSOC = α
∑
i
(C†
i,↑Ci−xˆ,↓ − C
†
i,↑Ci+xˆ,↓ +H.c.) +
hz
∑
i
(C†
i,↑Ci,↑ − C
†
i,↓Ci,↓) describes the experimentally
available 1D ERD-SOC, with the SOC strength α and
Zeeman field hz. HD =
∑
i,σ VT (iy)C
†
i,σCi,σ represents
the 1D potential dip with the local potential VT (iy),
which is generated by local addressing lasers and non-
zero only at the iy chains. H∆ = −
∑
i
∆i(C
†
i,↑C
†
i,↓+h.c.)
is the mean-field paring Hamiltonian, with the order
parameter ∆i = −g〈Ci,↓Ci,↑〉 and on-site interaction
strength g. Hereafter we take tx = t as the energy
unit. We solve the corresponding BdG equation self-
consistently with the pairing gap equation and fixed
chemical potential, following the standard numerical
procedure [59–63]. The order parameter is chosen to
be complex to find the ground state. We use the box
boundary condition for the self-consistent calculation.
In practical experiment, there is a weak harmonic
confinement which may change the location of MFs, but
don’t change the essential physics [63].
The above BdG Hamiltonian preserves particle-hole
symmetry ΞHBdGΞ
−1 = −HBdG, where Ξ = τxK,
τx = τ˜x⊗ σ˜0⊗ ρ˜0, τ˜i, σ˜i are 2×2 Pauli matrices acting on
particle-hole and spin spaces respectively, ρ˜0 is a N ×N
identity matrix on the lattice site space, and K is the
complex conjugate operator. If the order parameter ∆i is
real, the Hamiltonian is also real, which preserves a time-
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FIG. 2: MFs in single 1D topological chain in the 2D optical
lattice. (a) The amplitude of the order parameter |∆|. (b)
The quasiparticle energy spectrum. (c) The zero energy mode
wave function along the central chain. (d) Zero energy mode
density (Log scale). Parameters: ty = t, α = 2t, g = −5.5t,
hz = 1.4t, V = −1.45t, µ = −1.555t.
reversal like symmetry ΘHBdGΘ
−1 = HBdG with Θ = K,
as well as a chiral symmetry SHBdGS
−1 = −HBdG with
S = Θ · Ξ = τx. In this case, the system belongs to the
BDI topological class characterized by a Z topological
invariant [64, 65].
One topological chain: First consider a 2D lattice with
no tunneling along the y-axis (ty = 0), thus the 2D
lattice is composed of individual x-direction 1D chains.
At the central chain we add an extra constant potential
V
T
(yc) = V , so that the central chain becomes topologi-
cal, while other parts of the system are still in the non-
topological region. Here the topological region is defined
locally by the criteria hz >
√
(µ− VT )2 +△2, same as
the usual 1D topological chains [11, 14]. In our numerical
calculations, we take nx = 81, ny = 9, and yc = 5. In
the central topological chain, two MFs should exist at two
ends. When ty is increased from zero to t, the topologi-
cal chain couples with neighboring non-topological chains
and the system changes from 1D to quasi-1D and finally
to 2D. A nature question is whether MFs at the center
chain will survive with the strong coupling.
Fig. 2 demonstrates the existence of MFs even in truly
2D region with ty = t. The amplitude of the superfluid
order parameter ∆i is plotted in Fig. 2(a). We find that
∆i is homogeneous along the x -axis in the self-consistent
calculation, except at the boundary. Furthermore, ∆i has
a constant phase across on the whole 2D system, there-
fore we can choose it to be real without loss of general-
ity for the discussion of the topological properties. Fig.
2(b) shows the quasiparticle energy spectrum, where we
clearly see the existence of Majorana zero energy modes
with a tiny energy splitting E ≈ ±2× 10−5t mainly due
to the finite size effect. The mini-gap energy, defined as
3the energy difference between the zero energy mode and
the next lowest quasiparticle state, is comparable to the
order parameter ∆i. Fig. 2(c) shows the wavefunction
of the zero energy mode (E ≈ +2 × 10−5t state) along
the central chain, which satisfies the relation for MFs:
uσ = λvσ,λ = ±1, indicating the central chain is still
topological with two MFs at its ends. Fig. 2 (d) shows
the density of the zero energy mode, which is square of
the zero energy mode wave function for both spin up
and spin down atoms in the 2D plane. The zero energy
mode still localizes at the ends of the central chain, but
slightly spread to neighboring chains which is due to the
transverse tunneling. Note that in practical experiments,
there exists a finite detuning for the Raman coupling be-
tween two bare spin states, which corresponds to an in-
plane Zeeman field hyσy in our notation. Such non-zero
in-plane Zeeman field is known to break the inversion
symmetry and lead to the FF type of ground states with
finite momentum pairing. We confirm that our results
still hold in the FF state (see Supplemental Material).
Topological characterization: The emergence of MFs
at the edges of the central chain originates from the
bulk topological properties of the 2D optical lattice with
the imprinted 1D topological chain. In the above self-
consistent BdG calculations, both order parameter and
atom density are almost homogeneous along the x -axis,
therefore it would be a good approximation to assume
that the bulk is uniform. With a periodic boundary con-
dition along the x-axis, the momentum kx is a good quan-
tum number. The 2D lattices can be taken as a series of
individual 1D chains coupled through transverse tunnel-
ing, with the effective BdG Hamiltonian
HBdG(kx) = H0(kx)ρ0+(V τzσ0+△
′τyσy)ρ
′− tyτzσ0ρx,
(2)
where H0(kx) = [−2tx cos kx − µ¯]τzσ0 + 2α sin kxτzσy +
hzτzσz+∆0τyσy describes the original uniform individual
chains with the SOC and Zeeman field. ρ spans the y-
axis chain space with ρ0 as the identity matrix. (ρ
′)ij = 1
for i = j = yc and 0 otherwise. The ρ
′ part describes the
potential and order parameter differences of the central
chain from others. The ρx term describes the y-axis hop-
ping between nearest neighboring chains, with (ρx)i,j = 1
for |i− j| = 1 and 0 for others (i, j = 1 · · ·ny).
The topological properties of the BdG Hamiltonian (2)
can be characterized by the winding number W . For
a single 1D chain in the 2D optical lattice, the BdG
Hamiltonian is in the BDI topological class with a chiral
symmetry SHBdG(kx)S
−1 = −HBdG(kx), where S = τx.
Therefore the BdG Hamiltonian can be transformed to
be off-diagonal in the τ space
UHBdGU
+ =
[
0 A(kx)
AT (−kx) 0
]
= h(kx)τx + dτy (3)
by a unitary transformation U = e−i(pi/4)τy , where
A(kx) = h(kx) − id, h(kx) = {[−2tx cos kx − µ¯]σ0 +
-1 0
1
0.0
0.5
1.0
-1
0 1
-2 0 2-2
-1
0
1
2
k x
/
Im[
z]Re[z]
(c)(b)
 
 
E
kx
(a)
FIG. 3: Complex value z as function of kx in the region (0, pi)
with (a) V = −0.8t (non-topological) and (b) V = −1.2t
(topological). The other parameters: ty = t, α = 2t, ∆0 =
0.4t, hz = 1.4t, △
′ = 0.1t, µ = −1.555t. (c) Band structure
at the topological phase transition point V = −t.
2α sinkxσy+hzσz}ρ0−tyσ0ρx+V σ0ρ
′, and d = ∆0σyρ0+
△′σyρ
′. The winding number
W = −
i
pi
∫ pi
kx=0
dz
z(kx)
, (4)
where z(kx) = detA(kx)/| detA(kx)| [66].
Fig. 3 shows the change of the topological properties
with the potential V along the central chain. When V is
small, the whole lattice, including the center chain, is in
the non-topological region. The corresponding complex
value of z rotates when kx changes from 0 to kx = pi
as shown in Fig. 3 (a), indicating W = 0. When the
potential depth |V | increases beyond a threshold value
Vc ≈ −t, W changes to −1. Across Vc, the band gap
closes (Fig. 3 (c)) and reopens, indicating a topological
phase transition to a phase where the central chain be-
comes topological and hosts a pair of Majorana fermions,
agreeing with the self-consistent calculation.
Multiple topological chains: Multiple topological
chains may be generated using additional local address-
ing lasers to obtain multiple MFs. We first consider
two topological chains separated by one non-topological
chain, with the extra potential VT adding at y = 4 and
y = 6. The energy spectrum from the self-consistent
BdG calculation is plotted in Fig. 4 (a), showing one zero
energy mode although there are two topological chains.
This is due to the strong coupling between two chains,
leading to the winding number W = −1, instead of −2.
Therefore there is only one pair of MFs when two chains
are close. Fig. 4 (b) shows the density of the zero energy
mode, which widely spreads along the y-axis from y = 4
to y = 6.
When two topological chains are further separated by
more than one non-topological chains, the analysis of the
bulk topological properties based on constant order pa-
rameter phase shows that W = −2, indicating two pairs
of MFs. However, in the self-consistent calculation, the
order parameter phase is no longer uniform due to the
interaction between two MFs at the same end, leading to
the splitting of the zero energy states. In Fig. 4 (c), we
plot the quasiparticle energy spectrum for two topologi-
41452 1458 1464
-0.3
0.0
0.3
1452 1458 1464
-0.3
0.0
0.3
0 2 4
0.00
0.01E
index 
(d)(c)
(b)(a) n0
20 40 60 80
2
4
6
8
x
y
1E-4
2E-3
3E-2
 
 
20 40 60 80
2
4
6
8
0.23
0.27
 
 
 
 
FIG. 4: MFs in two topological chains at y = 4 and y = 6
(a),(b) or at y = 2 and y = 8 (c),(d). (a) Quasiparticle energy
spectrum for two topological chains separated by one non-
topological chain. (b) Density of the zero energy mode (Log
scale). (c) Quasiparticle energy spectrum for two topological
chains separated by five non-topological chains. The inset
plots the lowest positive quasiparticle energy as a function of
the number of non-topological chains in between. (d) The
phase of the order parameter ∆. ty = t, the other parameters
are the same as Fig. 2.
cal chains located at y = 2 and y = 8 obtained from the
self-consistent calculation. Fig. 4 (d)) shows the phase
θ(x, y) of order parameter ∆ = |∆|eiθ(x,y), which has an
antisymmetric structure between two topological chains.
The phase difference between two ends of one topological
chain is opposite from the other topological chain.
In principle there should be no zero energy modes left
due to the interaction between MFs, which splits the en-
ergy away from zero to a finite value [45, 46]. In prac-
tice, due to the large distance between two topological
chains, the coupling strength between two MFs on dif-
ferent topological chains is extremely small and the en-
ergy splitting becomes negligible. For instance, the five
chain separation in Fig. 4 (c) leads to an energy splitting
E ≈ 8× 10−4t. The inset in Fig. 4 (c) shows the change
of the splitting with the number of non-topological chains
between two topological ones. When the number is 0 and
1, W = −1, and the splitting is almost zero since there
is only one MF at each end. When the number is 2 and
above, the winding number becomes −2 and the interac-
tion of two MFs induces a splitting. The energy splitting
decreases exponentially with the distance between two
topological chains and approaches almost zero for the 5
lattice separation.
Multiple MFs in superlattices: The interaction between
MFs in topological chains can also be significantly re-
duced by decreasing the tunneling along the transverse
direction, which makes the system quasi-1D, instead of
2D. In this case, no large separation between neighboring
topological chains is needed, making it possible to gen-
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FIG. 5: MFs in quasi-1D triple-well superlattices. (a) Illustra-
tion of the triple-well superlattices along the y-axis. Topolog-
ical chains (TC) are at y = 2, y = 5 and y = 8, separated by
non-topological chains (NTC). (b) Quasiparticle energy spec-
trum showing three pairs of zero energy modes. (c) Density of
zero energy modes (Log scale). Other parameters ty = 0.1t,
α = 0.75t, g = −3.5t, hz = 0.7t, V = −0.55t, µ = −0.55t.
erate multiple MFs using patterned optical superlattices
along the y-axis. In experiments, optical superlattices
such as double well or triple well lattices can be generated
using the superposition of different lattice beams [56–58],
which are much easier than the single site addressing.
Fig. 5 (a) shows a triple well optical lattice along the
y-axis with one of the triple wells in the topological re-
gion (i.e., two neighboring topological chains separated
by two non-topological chains). With a small transverse
tunneling ty = 0.1t, the energy splitting for the MF zero
energy state is as tiny as E ≈ 5×10−5t, as shown in Fig.
5. In our calculation, we put three topological chains
at y = 2, y = 5 and y = 8, and find one pairs of MFs
formed at each topological chain ends. We also confirm
that similar physics occurs if another triple well superlat-
tice is applied along the z-axis to form a 3D lattice with
weak tunneling along both y and z directions.
Conclusion: We show that, with the assistant of
atomic gas microscopes or patterned optical super-
lattices, 2D non-topological optical lattices with exper-
imentally achieved 1D ERD-SOC can host non-coupled
1D topological chains with MFs. We emphasize that al-
though we illustrate the idea using a 2D geometry, the
same physics also applies to 3D non-topological optical
lattices, providing selected 1D chains can be locally mod-
ified or patterned optical superlattices are used. All in-
gredients in our proposed schemes are available in current
experiments, and the scheme may lead to unambitious ex-
perimental signature of the long-sought MFs in a clean
cold atomic system.
Acknowledgements: This work is supported by
ARO (W911NF-12-1-0334) and AFOSR (FA9550-11-1-
50313 and FA9550-13-1-0045).
∗ Corresponding author.
Email: chuanwei.zhang@utdallas.edu
[1] F. Wilczek, Nat. Phys. 5, 614 (2009).
[2] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S.
Das Sarma, Rev. Mod. Phys. 80, 1083 (2008).
[3] X. Qi and S. Zhang, Rev. Mod. Phys. 83, 1057 (2011).
[4] M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045
(2010).
[5] M. M. Salomaa, G. E. Volovik, Phys. Rev. B 37, 9298
(1988).
[6] G. Moore, N. Read, Nucl. Phys. B 360, 362 (1991).
[7] A. Kitaev, Phys. Usp. 44, 131 (2001).
[8] N. Read and D. Green, Phys. Rev. B 61, 10267 (2000).
[9] S. Das Sarma, C. Nayak, S. Tewari, Phys. Rev. B 73,
220502(R) (2006).
[10] L. Fu and C. L. Kane, Phys. Rev. Lett. 100, 096407
(2008).
[11] J. D. Sau, R. M. Lutchyn, S. Tewari, and S. Das Sarma,
Phys. Rev. Lett. 104, 040502 (2010).
[12] J. Alicea, Phys. Rev. B 81, 125318 (2010).
[13] R. M. Lutchyn, J. D. Sau and S. Das Sarma, Phys. Rev.
Lett. 105, 077001 (2010).
[14] Y. Oreg, G. Refael, and F. von Oppen, Phys. Rev. Lett.
105, 177002 (2010).
[15] V. Mourik et al., Science 336, 1003 (2012).
[16] M. T. Deng et al., Nano Letter 12, 6414 (2012).
[17] A. Das et al., Nature Physics 8, 887 (2012).
[18] L. P. Rokhinson, X. Liu and J. K. Furdyna, Nature
Physics 8, 795 (2012).
[19] M. Veldhorst et al., Nature materials 11, 417 (2012).
[20] A. D. K. Finck, D. J. Van Harlingen, P. K. Mohseni, K.
Jung, and X. Li, Phys. Rev. Lett. 110, 126406 (2013).
[21] S. Nadj-Perge et al., Science 346, 602 (2014).
[22] G. Kells, D. Meidan, P. W. Brouwer, Phys. Rev. B (R)
86, 100503 (2012).
[23] J. Liu, A. C. Potter, K.T. Law, P. A. Lee, Phys. Rev.
Lett. 109, 267002 (2012).
[24] S. Das Sarma, J. D. Sau, T. D. Stanescu, Phys. Rev. B
86, 220506 (2012).
[25] E. J. H. Lee et al., Phys. Rev. Lett. 109, 186802 (2012).
[26] D. I. Pikulin, J. P. Dahlhaus, M. Wimmer, H. Schomerus,
C. W. J. Beenakker, New J. Phys. 14, 125011 (2012).
[27] H. O. H. Churchill et al., Phys. Rev. B 87, 241401 (2013).
[28] Y.-J. Lin, K. J. Garcia and I. B. Spielman, Nature 471,
83 (2011).
[29] J.-Y. Zhang et al., Phys. Rev. Lett. 109, 115301 (2012).
[30] C. Qu, C. Hamner, M. Gong, C. Zhang, and P. Engels,
Phys. Rev. A 88, 021604(R) (2013).
[31] A. J. Olson et al., Phys. Rev. A 90, 013616 (2014).
[32] P. Wang et al., Phys. Rev. Lett. 109, 095301 (2012).
[33] L.W. Cheuk et al., Phys. Rev. Lett. 109, 095302 (2012).
[34] M. Sato, Y. Takahashi, and S. Fujimoto, Phys. Rev. Lett.
103, 020401 (2009).
[35] S.-L. Zhu, L.-B. Shao, Z. D. Wang, and L.-M. Duan,
Phys. Rev. Lett. 106, 100404 (2011).
[36] K. J. Seo, L. Han, and C. A. R. Sa´ de Melo, Phys. Rev.
Lett. 109, 105303 (2012).
[37] M. Gong, G. Chen, S. Jia, and C. Zhang, Phys. Rev.
Lett. 109, 105302 (2012).
[38] X.-J. Liu, L. Jiang, H. Pu, and H. Hu, Phys. Rev. A 85,
021603(R) (2012).
[39] L. Jiang et al., Phys. Rev. Lett. 106, 220402 (2011).
[40] R. Wei and E. J. Mueller, Phys. Rev. A 86, 063604
(2012).
[41] X.-J. Liu, Z.-X. Liu, and M. Cheng, Phys. Rev. Lett.
110, 076401 (2013).
[42] M. Wimmer, A. R. Akhmerov, M. V. Medvedyeva, J.
Tworzyd lo, and C. W. J. Beenakker, Phys. Rev. Lett.
105 046803 (2010).
[43] S. Tewari, T. D. Stanescu, J. D. Sau, and S. Das Sarma,
Phys. Rev. B 86, 024504 (2012).
[44] C. Qu, M. Gong, Y. Xu, S. Tewari, and C. Zhang,
arXiv:1310.7557.
[45] Y. Li, D. Wang, and C. Wu, New J. Phys. 15, 085002
(2013).
[46] D. Wang, Z. Huang, and C. Wu, Phys. Rev. B 89, 174510
(2014).
[47] T. Mizushima and M. Sato, New J. Phys. 15, 075010
(2013).
[48] I. Seroussi, E. Berg, and Y. Oreg, Phys. Rev. B 89,
104523 (2014).
[49] Arbel Haim, Anna Keselman, Erez Berg, and Yuval Oreg,
Phys. Rev. B 89, 220504(R) (2014).
[50] Ryohei Wakatsuki, Motohiko Ezawa, and Naoto Na-
gaosa, Phys. Rev. B 89, 174514 (2014).
[51] P. Wu¨rtz, T. Langen, T. Gericke, A. Koglbauer, and H.
Ott, Phys. Rev. Lett. 103 080404 (2009).
[52] W. S. Bakr, J. I. Gillen, A. Peng, S. Fo¨ling and M.
Greiner, Nature 462, 74 (2009).
[53] W. S. Bakr et al., Science 329, 547 (2010).
[54] J.F. Sherson et al., Nature 467 68 (2010).
[55] C. Weitenberg et al., Nature 471, 319 (2011).
[56] J. Sebby-Strabley, M. Anderlini, P. S. Jessen, and J. V.
Porto, Phys. Rev. A 73, 033605 (2006).
[57] S. Fo¨lling et al., Nature 448, 1029 (2007).
[58] C. J. Kennedy, G. A. Siviloglou, H. Miyake, W. C. Bur-
ton, and W. Ketterle, Phys. Rev. Lett. 111, 225301
(2013).
[59] C. Qu et al., Nature Communications 4, 2710 (2013).
[60] Y. Xu, C. Qu, M. Gong, and C. Zhang, Phys. Rev. A 89,
013607 (2014).
[61] C. Qu, M. Gong, C. Zhang, Phys. Rev. A 89, 053618
(2014).
[62] Y. Xu, L. Mao, B. Wu, and C. Zhang, Phys. Rev. Lett.
113, 130404 (2014).
[63] L. Jiang, E. Tiesinga, X.-J. Liu, H. Hu, and H. Pu, Phys-
ical Review A 90, 053606 (2014).
[64] A. P. Schnyder, S. Ryu, A. Furusaki, and A. W. W. Lud-
wig, Phys. Rev. B 78, 195125 (2008).
[65] J. D. Y. Teo and C. L. Kane, Phys. Rev. B 82, 115120
(2010).
[66] S. Tewari, J. D. Sau, Phys. Rev. Lett. 109, 150408
(2012).
6Supplemental Material
1452 1458 1464
-0.3
0.0
0.3
20 40 60 80
2
4
6
8
(b)
y
x
1.00E-4
7.77E-4
0.01
0.05
(a)
E
index 
FIG. 6: (a) Density of the zero energy mode (Log scale).
(b). Quasiparticle energy spectrum. h‖ = 0.2t, the other
parameters are the same as Fig. 2 in the main part of the
paper.
In this Supplemental Material, we show the existence
of MFs in a single 1D topological chain in the 2D op-
tical lattice with an additional in-plane Zeeman field
h‖. HSOC = α
∑
i
(C†
i,↑Ci−xˆ,↓ − C
†
i,↑Ci+xˆ,↓ + H.c.) +
hz
∑
i
(C†
i,↑Ci,↑−C
†
i,↓Ci,↓)+h‖
∑
i
(iC+
i,↑Ci,↓+H.c.), where
the last term represents the in-plane Zeeman field. The
self-consistent BdG results are present in Fig. 6.
